cell populations within the skin tissues ( Fig. 1D ). Based on Seurat analysis, we also compared cluster-specific gene expression across 1 5 9 the cell clusters ( Fig. 1E ) and it was found that dermal cell clusters showed high expression gene regulatory network underlying hair shaft and IRS specification, we performed DEG 3 5 0 analysis and SCENIC regulon inferring analysis along with the Monocle trajectory analysis 3 5 1 (Fig. 5C, 5D ). Monocle branch specific gene expression analysis revealed hair shaft 3 5 2 enriched genes such as Shh, Hoxc13, Msx1/2, and Bmp4, all of which had been well Gata6, Foxc1, Jun family members (Jun, Junb, Jund) , and Klf family members (Klf3/4/5). Noteworthy, Gata6 has been previously demonstrated as a marker for the IRS and To gain further insight into the gene regulatory machinery underlying the matrix 3 7 5 progenitors' commitment to the hair shaft or IRS, we then compared their gene expression ligand-receptor database to infer intercellular communications during early hair follicle 4 0 0 development (Ramilowski et al., 2016; Skelly et al., 2018) . By comparing the cell identity 4 0 1 specific genes with ligand-receptors, we sorted hypothetical ligand-receptor pairs among 4 0 2 different cell populations (Fig. 6 ). For E13.5 to E16.5 ligand-receptor pairs (DC 4 0 3 specification and epidermal specification to the matrix and HFSC), we found stronger 4 0 4 interaction relationships among matrix, HFSC, and DC populations at E16.5 (Fig. 6A ). Vcan, Egfr, and Bmp7, indicating a strong autocrine relationship at this stage. In E13.5 4 0 7 dermal and epidermal cell populations we also observed strong intercellular communication. Specifically, the ligand Itgb1 was expressed in the dermal population while its ligands were 4 0 9 mainly expressed in the epidermal cells. At the hair follicle cytodifferentiation stage, we inferred potential ligand-receptor pairs 4 1 1 using priori knowledge. Our analysis showed strong intercellular communication between Col4a1. This further emphasized the indispensable roles of these well-defined pathways 4 1 5 during DP specification. We also observed strong intercellular communication between 4 1 6 E16.5 DC and P0 ZZ-DP cells. However, some of these ligand-receptor pairs differ between 4 1 7 E16.5 DC and P0 G-DP, further suggesting heterogeneity in DP cells as we illustrated in 4 1 8 our DEG analysis. For IRS, hair shaft and G-DP, we also observed strong autocrine 4 1 9 signaling as revealed by abundant ligand-receptor pairs within the same cell population. These analyses together showed that strong intercellular communication was involved 4 2 1 during early hair follicle development. The lack of bona fide markers characterizing key cell populations and the asynchronous We also delineated the epithelium fate commitment to HFSC and matrix precursors 4 6 0 which to our knowledge has not been comprehensively reported (Millar, 2002) . By using 4 6 1
Monocle pseudotime ordering analysis, we successfully recapitulated the HFSC and matrix 4 6 2 cell differentiation trajectory and found that matrix cells at this stage-enriched genes such 4 6 3
as Shh, Pdgfra, Gli1, Hoxc13. Interestingly, the expression of Shh, Pdgfra in matrix cells 4 6 4 has been demonstrated to promote down growth via Gli1, Gli2 (Sennett and Rendl, 2012) showed that Hoxc13, Shh, Bmp4, Msx1/2 were specifically enriched, which was consistent 4 8 7 with previous findings (Millar, 2002 populations was clearly revealed in our research and may also account for the discrepancy 5 0 0 in gene expression signatures previously reported.
0 1
Unexpectedly, pseudotime ordering of all dermal cell lineages revealed two branch 5 0 2 points particularly for the late stage (E16.5 -P0) which was reminiscent of the discussion of expression profiles they demonstrated high similarities for all DP populations. However, 5 1 0 our analysis here indicated that DP cell populations bifurcated into two distinct fates 5 1 1 indicating DP heterogeneity. Noteworthy, for the discrepancy between reports by Driskell hair follicles had entered the hair cycle, which may be different from an in utero situation.
1 4
Supporting such a hypothesis, our data here indicated that the IRS and hair shaft showed 5 1 5 distinct gene expression patterns compared to those that have entered the hair cycle.
1 6
Interestingly, by in-depth analyzing the DEGs between the two DP branches we found that focus on this topic which may provide new insights into hair follicle development.
2 3
In summary, our research highlights the characterization of the underappreciated 5 2 4 molecular signatures of embryonic hair follicle progenitors using unbiased scRNA seq.
2 5
Based on single-cell transcriptome analysis we delineated key events underlying dermal 5 2 6 and epithelium fate decisions during hair follicle morphogenesis. Our data here also and may also provide valuable information regarding the etiology of skin-related diseases, 5 3 1 such as melanoma. About 7-8 weeks old C57/BL6 strain mice were used in this study, all mice used were 5 3 6 purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd and were 5 3 7 housed in a temperature-controlled room with ad libitum food and water. To obtain 5 3 8 pregnant mice, female mice were mated with male mice overnight at a ratio of 3:1, and 5 3 9 mice with the presence of vaginal plug the next morning were denoted as 0.5 day post 5 4 0 partum (dpp). To obtain E13.5 and E16.5 fetus dorsal skin, the pregnant mice were The skin tissues isolated from the fetal dorsal skin were fixed with 4 % paraformaldehyde For hematoxylin and eosin (H & E) staining, the slides were deparaffinized in 100% the slides were stained with hematoxylin solution for 7 min followed by washing twice with slides were immediately washed with 45 °C water for 5 min. Followed by a dehydrated 5 5 8 procedure, the slides were then stained with 1 % eosin ethanol solution and further rinsed 5 5 9
with absolute ethanol solution for 10 min. Finally, the slides were mounted with neutral 5 6 0 resins mounting medium and pictures were taken under an optical microscope.
6 1
For immunofluorescence staining analysis, the slides were deparaffinized in 100 % slides were then incubated with primary antibodies at 4 °C overnight.
6 7
The primary antibodies and secondary antibodies used in this study were listed below: The next morning, the slides were further incubated with secondary antibodies at 37 °C 5 6 9
for 30 min. DAPI was used to stain nuclei and the slides were mounted with anti-fade solution was used for chromogenic reaction. For each group skin tissues were obtained from at least 6 independent male fetuses prior to was used to digest E13.5 and E16.5 fetus dorsal skin tissues at 37 °C for 5 min. For 0 dpp Single cell barcoding and library preparation were performed based on 10x Genomics , The dot size represents the percentage of cells expressed and the color intensity represents motif was visualized in the right panel. "On" depicts active, while "Off" represents inactive. binding motif was listed in the right panel. 
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